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It is now thirty years since Singer and
Nicolson unveiled their fluid mosaic
model for the membrane. The model
incorporates the ideas that the basic
structure of the membrane is a fluid
lipid bilayer, that intrinsic membrane
proteins ‘float’ in this ‘sea’ of lipid,
and that extrinsic membrane proteins
are located on both surfaces of the
membrane. The model still provides
a very useful summary of the basics
of membrane structure but, not
surprisingly, many new structural
features of the membrane have
become clear over the intervening
years. Concerning the lipid bilayer
component of the membrane, it is
now thought that not all the lipids in
the membrane are in a fluid state.
Many membranes contain patches of
lipid in a solid-like state; the patches
are referred to as lipid rafts. Lipid
rafts are important in organizing
proteins in the membrane. And
concerning the protein component of
the membrane, new insights into
function have been obtained from
recent three-dimensional structures
of a number of membrane proteins.
In particular, the structures of three
channels and a pump have shown us
how molecules and ions can be
moved across a lipid bilayer and how
this can be done selectively.
Lipid rafts
Biological membranes often contain a
number of domains, patches or
compartments, whose compositions
differ from the rest of the membrane.
Concentrating particular membrane
proteins into a small region allows
that region of the membrane to be
specialised for some particular
function. Compartmentalisation can
be achieved by preventing free
diffusion of the membrane proteins,
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using the cytoskeleton to provide the
necessary barriers. Sheetz has
likened these barriers to fences,
restricting sheep to a fenced off area
in a field; proteins, and less
commonly lipids, are free to move
within the region defined by the
barriers but not to move across the
barriers. The existence of such
barriers has been shown very
graphically using single particle
tracking video microscopy to follow
the motion of individual proteins on
a cell surface. Often particles appear
to diffuse within a compartment,
escape to an adjacent compartment,
diffuse within that, and so on. 
Domains can also form in a
membrane because of particularly
favourable interactions between some
of the lipids in the membrane, that
keep these lipids together as patches
in the membrane. Plasma membranes
of mammalian cells contain glycerol-
based glycerophospholipids
(phosphatidylcholine, phosphatidyl-
ethanolamine, phosphatidylserine),
sphingosine-based sphingolipids
(sphingomyelin, cerebrosides,
gangliosides), and cholesterol
(Figure 1). Glycerophospholipids and
sphingolipids can adopt one of two
bilayer phases. At low temperatures
lipid fatty acyl chains pack tightly
together to give the so-called gel
phase. At higher temperatures the
chains melt to give a liquid-like state
referred to as the liquid-crystalline
phase. The temperature at which the
transition between these two states
takes place depends on the length
and degree of unsaturation of the fatty
acyl chains. The phase transition
temperature for a typical glycero-
phospholipid such as a phosphatidyl-
choline with a saturated C16 chain and
an unsaturated C18 chain is about 0°C
so that a bilayer of this lipid will be in
the fluid state at physiological
temperatures. In contrast, typical
sphingolipids such as the sphingo-
myelins contain a high proportion of
saturated C24 chains and don’t melt
into the fluid state until about 45°C;
these lipids will therefore be in the
solid, gel state at physiological
temperatures. Thus, in a mixture of
glycerophospholipids and sphingo-
lipids, the sphingolipids will separate
as solid patches or domains of gel
phase lipid, floating in a sea of fluid
glycerophospholipids (Figure 2).
Biological membranes are more
complex because formation of
domains of pure gel phase lipid has
to be avoided for a number of
reasons, including poor packing at
the interface between domains of gel
and liquid crystalline lipid, which
would make the membrane leaky. In
fact domains of sphingolipids in
biological membranes are enriched in
cholesterol, another component of
the plasma membrane. This is
important because cholesterol
prevents the tight packing of the
sphingolipid fatty acyl chains seen in
the gel phase. Cholesterol is said to
create a liquid-ordered state, with
properties part way between the
normal gel and liquid crystalline
states. Simons and colleagues have
referred to these domains of
sphingolipids and cholesterol as rafts. 
Part of the reason why cholesterol
interacts favourably with sphingo-
lipids lies with the requirements for
strong van der Waals interaction
between the planar cholesterol
molecule and the fatty acyl chains of
the lipid. In a bilayer, the cholesterol
ring system extends down to about
C12 of the acyl chains. Most
unsaturated chains in the glycero-
phospholipids have their cis double
bonds between carbons 9 and 10, as
in oleic acid. A double bond in this
position will introduce a bend into
the chain adjacent to the cholesterol
ring system and so reduce van der
Waals interactions between
cholesterol and the acyl chains. In
contrast, a typical sphingomyelin
contains a high proportion of
saturated chains, which pack well
with the planar cholesterol molecule.
Direct identification of rafts in
membranes is difficult because the
rafts are too small to be observed by
Figure 1
Chemical structures of sphingomyelin, a typical sphingolipid; phosphatidylcholine, a typical
glycerophospholipid; and cholesterol.
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conventional microscopy. A recent
study has used single molecule
imaging techniques to visualise rafts
in muscle cell membranes as domains
about 0.7 µm across. However, rafts
are usually detected by treating
membranes with non-ionic detergents
at low temperatures. Such treatment
produces a detergent-insoluble
fraction rich in sphingolipids and
cholesterol, referred to as detergent-
insoluble glycolipid-enriched domains
or DIGs. The majority of the
sphingomyelin and glycosphingo-lipid
in the cell is recovered in the DIGs.
Importantly, the DIGs are enriched in
a subset of membrane proteins, which
typically have undergone post-
translational attachment of a hydro-
phobic glycosylphosphatidylinositol
(GPI) anchor or an acyl chain. The
hydrophobic chains of these anchors
are generally saturated and proteins
modified in this way may interact
preferentially with rafts because the
more ordered lipid chains in the rafts
accommodate better the saturated
acyl chains on the proteins.
Proteins found in rafts include a
number involved in cell signalling
including G proteins, Src-like
kinases, protein kinase C and Ras-
related GTPases. This is particularly
evident in caveolae — flask-shaped
invaginations of the plasma
membrane — that are a more stable
form of rafts. Colocalisation of
signalling molecules in rafts provides
a way of integrating transmembrane
signalling events, important in a
complex membrane carrying out a
large number tasks. 
Channels and pumps
Recent success in crystallising
membrane proteins has led to the
determination of the structures of a
number of proteins involved in
movement of polar molecules and
ions across biological membranes.
One of the simplest of these proteins
transports water. Direct diffusion of
water through the lipid bilayer is
probably sufficient to supply the
needs of many cells for water.
However, for cells such as epithelial
and endothelial cells involved in
secretion and absorption, a high,
regulated water supply is required.
And the membranes of many of these
cells are particularly rich in sphingo-
lipids and cholesterol so that their
lipid bilayers will be largely in the
liquid ordered state, which is less
permeable to water than bilayers in
the normal fluid, liquid crystalline
state. Such cells therefore contain
specific water channels, the aqua-
porins. Related to the aquaporins are
the glycerol facilitators, or aqua-
glyceroporins, permeable to glycerol.
The crystal structure of a glycerol
facilitator from Escherichia coli has
been determined and helpfully
shows the presence of three glycerol
molecules moving across the
membrane. (Figure 3). The protein
contains a bundle of six α-helices
spanning the lipid bilayer, forming a
structure like a barrel. In the centre
of the barrel is a narrow pore about
28 Å long and 3.5 Å across. The
width of the pore is such that glycerol
molecules can enter the pore and
pass through in single file. The pore
contains a narrow region referred to
as the selectivity filter where glycerol
molecules are selected for passage
though the pore. In this region the
carbon backbone of the glycerol
molecule is packed against the side
chains of two aromatic residues
whilst two of the hydroxyl groups of
the glycerol are hydrogen-bonded to
polar residues in the pore. The tight
packing in this region ensures the
required selectivity for glycerol over
other molecules. The structures of
aquaporins are very similar. 
The same basic design features
also apply to ion channels. The
structure of the potassium channel
from the bacterium Streptomyces
lividans has been determined. The
channel is a tetramer in which each
subunit contains 2 transmembrane
α-helices with the inner helix facing
the central pore and the outer helix
facing the lipid bilayer. The four inner
helices have the appearance of an
Indian tepee and surround the central
pore through which the K+ ions move
(see Figure 3). A wide extracellular
vestibule leads to a narrow selectivity
filter, 12 Å long and 3 Å wide. The
selectivity filter opens out into a wide
water-filled intracellular vestibule,
forming a large ‘lake’, roughly halfway
through the membrane.
The selectivity filter is so narrow
that a K+ ion has to shed its waters of
hydration to enter the filter. This
would normally be energetically very
costly but carbonyl oxygen atoms of
the peptide backbone line the walls
of the selectivity filter and these
carbonyl oxygen atoms take the place
of the water oxygens around the K+
ion. The K+ ion (1.3 Å radius) fits
exactly into the filter so that the costs
and gains in energy on dehydration
and binding are well matched
allowing a K+ ion to move easily
through the channel. A larger ion
would not be able to enter the
channel; and a smaller ion such as
Na+ would only move slowly through
the channel because the oxygen
atoms lining the pore would be
unable to approach close enough to
the ion to compensate for the loss of
hydration energy. 
There has been much speculation
in the literature that the structures of
ion pumps could be rather similar to
those of ion channels but
determination of the structure of a
calcium pump (Ca2+–ATPase) has
shown this not to be so. Whereas the
pathway for transport across the
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Figure 2
Rafts (yellow) enriched in sphingolipids and
cholesterol form in a sea of fluid lipid. Some
proteins (red) are enriched in the rafts
whereas others (green) are excluded.
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membrane is very obvious in the
glycerol facilitator and the K+
channel it is not in the Ca2+–ATPase.
Two Ca2+ ions are transported across
the membrane for each molecule of
ATP hydrolysed by the pump. The
two Ca2+ ions bind to a pair of sites in
between the transmembrane
α-helices. However, there is no
obvious channel leading from the
cytoplasmic surface to the pair of
Ca2+ binding sites. Similarly, there is
no obvious channel leading from the
sites to the lumenal side of the
membrane. Transport of Ca2+ ions
across the membrane must therefore
involve a significant change in the
packing of the transmembrane α-
helices. It is this requirement for a
significant conformational change
that results in the rate of ion
movement for the Ca2+–ATPase
being very much less than the rate of
ion movement through an ion
channel.
The crystal structure of the
Ca2+–ATPase shows that the ATP
molecule whose hydrolysis drives
transport binds to a domain of the
ATPase — the nucleotide binding, or
N, domain — a long way from the
Ca2+ binding sites. The structure
provides strong clues as to how,
despite this wide separation, ATP
hydrolysis is linked to Ca2+ transport:
the link is purely mechanical. The
bound ATP phosphorylates an
aspartic acid residue in the
phosphorylation (P) domain of the
ATPase. This causes movement of
two small helices in the
phosphorylation domain that contact a
loop between two of the trans-
membrane α-helices (see Figure 3).
Movement of the two small helices
changes the packing of the trans-
membrane α-helices, disrupts the
Ca2+ binding sites in the trans-
membrane region and releases Ca2+
on the lumenal side of the membrane.
Summary
In summary, the mixing properties of
the lipids in a membrane allow the
development of specialised regions.
The lipid bilayer thus provides more
than just a simple permeability barrier
for the cell. However, it is essential
that the lipid bilayer still acts as a
selective permeability barrier, the
selectivity being provided by intrinsic
membrane proteins. The structures of
a number of channels and pumps
responsible for selective transport
across the membrane are now
available. A key feature of a channel is
its selectivity filter which facilitates
selection and free passage of the
selected species without major
conformational changes in the protein.
In contrast, there is no clear pathway
for ion movement in an ion pump and
large-scale conformational changes are
required for transport by a pump. 
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Figure 3
The structures of a calcium pump, a glycerol
facilitator and a potassium channel. The
horizontal lines show the probable location of
the hydrophobic core of the lipid bilayer. In the
diagram of the calcium pump the ATP-binding
domain (N, green) and the domain containing
the aspartic acid residue phosphorylated by
ATP (P, yellow) are shown. The aspartic acid
residue that is phosphorylated is shown in
space-fill format. Phosphorylation results in
movement of the two short α-helices (brown)
that press against the loop between
transmembrane α-helices 6 and 7 (brown).
The two calcium ions (orange) transported
across the membrane are bound in the
transmembrane region of the ATPase. In the
diagram of the glycerol facilitator the three
glycerol molecules observed in the crystal are
shown in space-fill format. In the diagram of
the tetrameric potassium channel, one subunit
is shown in blue and the other three in yellow.
The three potassium ions seen in the crystal
are shown in orange. A cross-section through
just two of the subunits of the channel is
shown. This view makes clear the pathway for
movement of potassium ions through the
channel. Co-ordinates from PDB files 1EUL,
1FX8 and 1BL8.
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